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Influence of ADH on renal potassium handling:
A micropuncture and microperfusion study
MICHAEL J. FIELD, BRUCE A. STANTON, and GERHARD H. GIEBIsCH
Department of Physiology, Yale University School of Medicine, New Haven, Connecticut
Influence of ADH on renal potassium handling: A micropuncture and
microperfusion study. To study the effects of ADH on the transport of
potassium by the distal tubule and collecting duct system, we per-
formed simultaneous clearance and micropuncture experiments in
homozygous Brattleboro rats (with hereditary hypothalamic diabetes
insipidus), before and after intravenous infusion of the hormone. Final
urinary flow rate was reduced by a factor of 7 after ADH, but fractional
potassium excretion increased by 77% for the group as a whole. During
free-flow micropuncture, there was no significant difference in fraction-
al delivery of potassium up to the late distal tubule between control
(water diuresis) and ADH conditions; thus, the increase in final urinary
potassium excretion was mediated beyond this tubular site. However,
flow rate of tubular fluid was decreased significantly after ADH in late
distal tubular segments, where potassium secretion is a flow-dependent
process. To evaluate the possibility of a direct effect of ADH on distal
tubular potassium secretion, independent of changes in flow rate, we
studied another group of animals by continuous microperfusion, in
vivo, of single distal tubules, using an isotonic perfusion fluid so that
water reabsorption would be minimal after as well as before the addition
of ADH. Under these conditions, a significant stimulation of distal
tubular potassium secretion by ADH could be demonstrated. We
suggest that this property of ADH may serve to prevent potassium
retention during periods of antidiuresis.
Influence de l'ADH sur l'excrétion rénale de potassium: Une étude par
microponction et microperfusion. Afin d'étudier les effets de l'ADH sur
le transport de potassium par Ic tubule distal et le canal collecteur, nous
avons effectué des experiences simultanées de clairance et de micro-
ponction chez des rats Brattleboro homozygotes (avec un diabète
insipide hypothalamique hCrCditaire) avant et aprés perfusion intravein-
euse de l'hormone. Le debit urinaire final était diminuC d'un facteur 7
apres l'ADH, mais l'excrétion fractionnelle de potassium s'Clevait de
77% dans l'ensemble du groupe. Pendant des microponctions en flux
libre, il n'y avait pas de difference significative dans Ia fraction délivrée
de potassium jusqu'au tubule distal tardif entre les conditions contrôle
(diurCse aqueuse) et l'ADH; ainsi, l'augmentation de l'excrétion de
potassium dans l'urine definitive Ctait médiée en aval de cc site
tubulaire. Cependant, le debit de fluide tubulaire était significativement
diminué apres ADH dans les segments tubulaires distaux tardifs, là oO
Ia secretion de potassium est un phénomCne dependent du debit. Afin
d'évaluer Ia possibilité d'un effet direct de l'ADH sur Ia secretion de
potassium tubulaire distal, independante de modifications du debit,
nous avons étudié un autre groupe d'animaux par microperfusion
continue in vivo de tubules distaux isolés, en utilisant un liquide de
perfusion isotonique, afin que la reabsorption d'eau soit trés faible,
après comme avant addition d'ADH. Dans ces conditions, une stimula-
tion significative de Ia secretion tubulaire distale de potassium par
l'ADH a pu Ctre démontrée. Nous suggerons que cette propriété de
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l'ADH pourrait servir a éviter une retention potassique pendant les
périodes d'antidiurèse.
It is well established that the flow-rate of luminal fluid is an
important factor determining the rate of potassium secretion by
the distal tubule in the mammalian kidney [1—3]. However, it
has been noted that when high urinary flow rates are induced by
water diuresis, a situation in which endogenous ADH levels are
suppressed, the expected increase in urinary potassium excre-
tion does not occur [4—61. Conversely, the administration of
ADH in certain experimental situations has been noted to
increase absolute and/or fractional potassium excretion, despite
reduced urinary flow rates and variable effects on sodium
excretion. Thus, a kaliuretic response to ADH has been noted
in sheep [7, 8] and in acutely hypophysectomized dogs given
doses of vasopressin which do not increase sodium excretion
[9]. Moreover, direct infusion of arginine vasopressin into one
renal artery of moderately salt-restricted dogs increases potas-
sium but not sodium excretion by that kidney, despite a marked
reduction in urinary flow rate [10]. Finally, in human volunteers
and patients with central diabetes insipidus, injection of ADH is
associated with a phasic increase in fractional potassium excre-
tion, while fractional sodium excretion falls somewhat during
the period of antidiuresis [11].
In view Of the suggestion from studies like these that ADH
may have an effect on the potassium secretory mechanism of
the nephron, we have performed clearance and micropuncture
experiments designed to examine this possibility more directly.
The experimental animal chosen for these studies was the
homozygous Brattleboro rat, which has hereditary hypothalam-
ic diabetes insipidus due to the lack of endogenous ADH [12,
13]. In this preparation observations could be made during
spontaneous water diuresis without the need for pituitary
surgery or forced water loading; the effects of ADH on renal
water and electrolyte handling could then be assessed after
infusion of the hormone in physiological amounts. During an
initial series of experiments, performed under conditions of
free-flow micropuncture, the induction of antidiuresis by ADH
was found to be associated with changes in distal tubular flow
rate and sodium concentration, two factors which are known to
influence potassium secretion by this nephron segment [1, 31.
We therefore performed a further series of studies in which
distal tubular flow and sodium delivery were held constant by
continuous microperfusion of single distal tubules, during the
absence and presence of ADH in the circulation. The results
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Body weight (BW) 278 7 g
Urine volume (V) 147 17 ml/24 hr
(V/BW) x 100 53 6%
Urinary Na concentration 10.1 1.2 mM
Urinary Na excretion 1.5 0.2 mmoles/24 hr
Urinary K concentration 19.0 1.8 mM
Urinary K excretion 3.0 0.5 mmoles/24 hr
Urinary osmolality 162 8 mOsmlkg
show that in this model, (1) potassium excretion is consistently
enhanced during ADH infusion, despite reduced urinary flow
rates; and (2) at least in the distal tubule, a direct effect of ADH
on the potassium secretory mechanism of the epithelium can be
demonstrated.
Methods
Homozygous adult male rats of the Brattleboro strain, ob-
tained from the Yale Medical School colony and from Blue
Spruce Farms (Altamont, New York), were used in all experi-
ments. The water diuretic status of each animal used was
confirmed by overnight observation in a metabolic cage imme-
diately prior to experimental study; data for urine volumes and
osmolalities, as well as sodium and potassium excretion during
this period, are shown in Table 1. Free access to water and
standard rat chow (#5010, Ralston Purina, St. Louis, Missouri)
were allowed up to the time of experiment. Animals were
anesthetized with mactin, 100 mg/kg body wt, i.p., and placed
on a thermoregulated table designed to hold body temperature
at 37°C. The right carotid artery was catheterized to allow BP
monitoring and periodic blood sampling for measurement of
hematocrit, inulin radioactivity, plasma osmolality and sodium
and potassium concentrations. The left jugular vein was cannu-
lated with a length of PE tubing connected via an adaptor to
three separate infusion pumps to enable independent adjust-
ment of fluid delivery from each (Fig. 1). The left kidney was
prepared for micropuncture as previously described from this
laboratory [14].
Two series of experiments were performed, involving either
free-flow distal micropuncture (series 1) or distal tubular micro-
perfusion (series 2). In all studies, an identical protocol of
infusions and clearance collections was followed (Fig. 1) to
define the overall effect of ADH on renal water and electrolyte
excretion, and GFR. Immediately after insertion of the venous
cannula, an infusion of hypotonic (0.45%) sodium chloride was
commenced at 10 mllhr, following a priming injection of this
fluid equal to 5% of body weight to reverse pre-existing
dehydration [121, maintain BP, and replace surgical fluid losses.
Simultaneously, two infusions of 0.9% NaC1 at 1 mL/hr were
begun: one to act as "vehicle" for the later addition of ADH,
the other to deliver {methoxy-3H]inulin (New England Nuclear
Corporation, Boston, Massachusetts) at 90 pCi/hr following a
priming injection of 90 pCi. After completion of surgery (60 to
75 mm), a further 1-hr period was allowed for equilibration; two
30-mm clearance periods were then observed during water
diuresis ("control" phase). Following this, ADH was added to
its saline vehicle as arginine vasopressin (Grade VIII synthetic
AVP, Sigma Chemical Co., St. Louis, Missouri) so as to deliver
6 mU AVP/hr. This resulted in a dramatic fall in urine flow rate
infuons
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Fig. 1. Experimental protocol. During control and ADH periods,
animals in series I were studied by free-flow micropuncture and in
series 2 by distal tubular microperfusion. Abbreviations are: NS,
normal saline (0.9% NaCI); V2NS, half-normal saline (0.45% NaCI);
AVP, arginine vasopressin.
over the ensuing 60-mm period in every animal studied. To
maintain fluid balance as near as possible to steady-state
conditions, progressive reductions in the rate of infusion from
the 0.45% NaCl pump were made during this period to parallel
the falling urine volumes. One hour after commencing ADH,
two further 30-mm clearance periods were observed during
antidiuresis ("ADH" phase).'
Series 1. Ten rats were studied during control and ADH
periods (defined above) by free-flow micropuncture of superfi-
cial early and late distal tubules, using a previously described
technique [14]. Up to four samples were obtained in this way
from different distal tubular sites during each phase (water
diuresis and ADH) in each animal. The localization of all
puncture sites was confirmed by filling each distal tubule used
with silicone rubber compound (Microfil, Canton Biomedical
Products, Boulder, Colorado) at the end of each experiment;
kidneys were macerated overnight in 25% NaOH. Filled tubules
were microdissected and measured the following day. Puncture
sites were thus determined to lie in an "early distal" (ED)
segment (between 19 to 38% of the distance between macula
densa and first junction with another distal tubule) or in a "late
distal" (LD) segment (60 to 92%). There was no difference
between the mean localization of ED and LD sites punctured in
the two experimental phases (control vs. ADH).
Series 2. Seven rats were studied during the two experimental
phases by continuous microperfusion of single distal tubular
segments in vivo to hold constant the flow rate and sodium
delivery through individual distal tubules before as well as
'In preliminary experiments, clearance data were also obtained
during a third phase in which return to water diuresis was studied after
cessation of ADH infusion. Since the changes in excretion of water,
sodium, and potassium induced by ADH were found to be reversible
after its withdrawal, subsequent micropuncture experiments were con-
fined to an initial control period followed by an ADH phase, as
described above.
Table 1. Basal data taken prior to anesthesia on animals used (series I
and 2) (means SEM, N = 15 to 17)
Time, hours
SurgeryllUU
bration I U31 U41
t I
P3 P4
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during systemic infusion of ADH. For this purpose, an isotonic
perfusion fluid was chosen so that negligible water reabsorption
would be expected even during ADH presence, thus producing
similar flow rates along the entire microperfused distal tubular
length in both experimental phases. The perfusion fluid had the
following composition: NaC1, 74 mt; KC1, 2 mM; Na2HPO4,
1.5 mM; NaH2PO4, 3 mM; urea2, 160 mM; FD&C Green dye
(#2), 0.1%; [methoxy-3H]inulin, 25 Ci/ml. The final sodium
concentration was 82 mM; K, 2.0 mM; osmolality, 302
mOsm/kg; pH 6.5. The microperfusion technique used was
essentially that described by Good and Wright (method 2, [3]),
Briefly, nephrons having distal tubules with both early and late
distal segments accessible at the kidney surface were identified
by injection of a dyed Ringer solution into single proximal
tubules. A perfusion pipette filled with the above perfusion fluid
was inserted into the early distal segment; microperfusion
driven by a servo-controlled pump (W. Hampel, West Germa-
ny) was commenced. A second pipette was used to inject a long
castor oil block into the last surface segment of proximal tubule
so as to fill the proximal straight tubule. Withdrawal of this
pipette left a hole which allowed glomerular filtrate to escape
onto the renal surface. The same pipette was then used to inject
an oil block into the late distal segment; a timed collection of
perfusion fluid arriving at this site was commenced. The
perfusion rate achieved in vivo was calculated from the mea-
sured rate of fluid collection, multiplied by the ratio of inulin
concentrations in collected/perfused fluids. The mean rate of
perfusion thus obtained was 10.4 0.26 nllmin (SEM, N = 17).
One to three distal tubules were perfused in this way in control
and ADH periods in each animal. After the experiment, every
distal tubule used was injected with Microfil to enable subse-
quent determination of perfused tubular lengths and the posi-
tion of the puncture sites.
Analytic methods. Sodium and potassium in plasma and urine
were determined by flame photometry (model 143, Instrumen-
tation Laboratories, Lexington, Massachusetts), in free-flow
micropuncture samples by helium-glow spectrophotometry
(American Instrument Co.), and in microperfusion samples by
flameless atomic absorption spectrometry (model 951/555, In-
strumentation Laboratory). Inulin radioactivity was measured
by liquid scintillation counting (no. 92, Searle Analytical,
Chicago, Illinois) in a 77% solution of Aquasol (New England
Nuclear Corporation). Osmolality was determined by vapor
pressure elevation (model 5100, Wescor Inc., Logan, Utah).
Urine volumes were estimated gravimetrically; micropuncture
sample volumes were measured in a calibrated constant bore
capillary.
Calculations. GFR and fractional electrolyte excretion rates
were determined using standard formulae, as were single neph-
ron GFR and fractional electrolyte delivery in free-flow micro-
puncture experiments (series 1). In microperfusion studies
(series 2), net water flux (J) across single distal tubules was
calculated as the difference between calculated perfusion rate
(see above) and collection rate. Net transport of sodium (JNa)
and potassium (JK) were calculated from the amount of each ion
delivered by the perfusion pipette minus the amount collected
2Urea was used to make the perfusion fluid isotonic since it is known
that the rat distal tubule has a very low urea permeability, unalterable
by ADH [15].
Table 2. Systemic parameters during the two experimental periods
(series 1 and 2) (means SEM, N = 12 to 17)
Control ADH P
Mean arterial BP, mm Hg 132.6 3.4 131.8 3.9 NS
Hematocrit, % 48.4 0.6 46.9 0.7 <0.01
Plasma [Na], m 147.5 2.0 147.4 2.2 NS
Plasma [K], mi 3.88 0.06 3.88 0.08 NS
Plasma osmolality, mOsmlkg 304.8 2.9 304.2 2.4 NS
Table 3. Clearance data (series 1 and 2) (means SEM, N = 17)
Control ADH P
V 76.8 6.1 11.6 1.4 <0.001
(U/P)1 16.1 1.7 115.9 16.2 <0.001
GFR 0.39 0.02 0.38 0.02 NS
(UIP)om 0.40 0.02 2.37 0.17 <0.001
FENa 0.82 0.17 1.02 0.02 NS
UNaV 0.47 0.10 0.53 0.09 NS
FEK 7.8 1.6 13.8 1.8 <0.001
UKV 0.12 0.03 0.20 0.03 <0.01
Abbreviations: ", urine flow rate, .d/min/kidney; (U/P)1, urine to
plasma inulin concentration ratio; GFR, glomerular filtration rate, ml/
min/l00 g body wt/kidney; (UIP)osm, urine to plasma osmolality ratio;
FENa, fractional sodium excretion, percent of filtered load; UNaV,
sodium excretion, btmoles/min/100 g body weight/kidney; FEK, frac-
tional potassium excretion, percent of filtered load; UKV, potassium
excretion, moles/min/100 g body wt/kidney.
by the collection pipette [16]. Absolute fluxes are thus positive
for reabsorption and negative for secretion. Results for ion or
water transport from one to three perfused tubules were aver-
aged to obtain a single value for perfusions performed during
each experimental phase in a given animal.
All data are expressed as means SEM. Student's t test, for
paired or unpaired data as appropriate, was used to test for
significance of difference between means.
Results
Systemic parameters. Table 2 shows mean values for several
systemic parameters measured during control (water diuresis)
and ADH phases of all 17 experiments. ADH in the dose used
was without effect on mean arterial BP and did not significantly
alter plasma sodium or potassium concentrations or osmolality.
A small though significant fall in hematocrit (48.4 to 46.9%) was
noted. The constancy of plasma sodium concentration and
osmolality, taken together with a minimally changed hemato-
crit, suggests that the protocol of fluid infusions used, aimed at
maintaining a constant state of water balance after ADH, did in
fact avoid any major change in plasma volume on conversion to
antidiuresis.
Clearance data. The results of clearance measurements
taken from animals in both series of experiments are presented
in Table 3. There was no significant effect of ADH on whole
kidney GFR, though a dramatic change in water handling
occurred. Thus, urinary flow rate fell on the average to approxi-
mately one seventh of control levels, while the urine-to-plasma
(U/P) inulin concentration ratio increased by approximately
sevenfold. U/P osmolality ratio rose some fivefold, such that
marked urine hypotonicity during water diuresis was converted
to a tonicity about twice that of plasma during ADH infusion.
Table 3 also shows the effects of ADH on overall sodium and
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Table 4. Micropuncture data (series 1) (means SEM)
Early distal Late distal Urinea
Control ADHControl ADH Control ADH
Localization, %
Tubules/rats"
(TF/P),
Flow rate, ni/mm
SNGFR, ni/mm
TFN, mM
(TF/P)Na
FDNa, %
TFK, mM
(TF/P)K
FDK, %
29 2
9/6
5.81 0.55
5.0 0.8
26.8 2.9
43.0 4.4
0.29 0.03
5.5 0.9
2.2 0.2
0.56 0.05
10.5 1.6
28 2
15/9
5,48 0.49
5.7 0.5
29.0 2.4
45.8 4.8
0.30 0.03
6.2 0.9
1.9 0.2
0.48 0.05
9.0 0.8
76 2
16/8
5.70 0.26
6.2 0.6
34.4 2.6
23.8 2.5
0.15 0.02
2.8 0.3
1.7 0.3
0.43 0.07
7.8 1.4
81 3
9/6
8.75 0.67'
3.4 0.5"
29.6 4.0
38.8 4,7d
0.25 0.03"
3.0 0.4
3.6 0.5"
0.89 0.14"
10.7 2.1
11.99 0.48
21.1 3.5
0.14 0.02
1.2 0.2
3.4 0.7
0.85 0.16
7.3 1.4
78.36 9.23c
143.2 9.3°
0.93 0.06°
1.4 0.2
41.6 9.7"
10.23 2.39°
13.1 2.3
Abbreviations: SNGFR, single nephron glomerular filtration rate; (TF/P), tubular fluid/plasma; FDNa, fractional delivery of sodium, equal to
(TF/P)Na/(TF/P)In x 100, and similarly for potassium (final urine values are equivalent to fractional excretion); TFNa, TFK, sodium or potassium
concentration in tubular fluid samples or final urine.
Final urine data presented here are taken from series I animals only (N = 10).
b The values represent the number of tubules per the number of rats.
P < 0.001, ADH vs. Control.
"P < 0.01, ADH vs. Control.
P < 0.05, ADH vs. Control.
ITF1
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Fig. 2. Tubular fluid/plasma concentration ratios for inulin. The ratios
were obtained during free-flow at early and late distal micropuncture
sites, and in the final urine, during control conditions (water diuresis)
and ADH infusion. Final urinary data shown here (and in Figs. 3 and 4)
are from series 1 animals only. P values refer to the differences between
control and ADH conditions at each site.
potassium excretion during these protocols. Both fractional and
absolute excretion of sodium were not significantly changed by
ADH. For potassium, however, a significant increase in frac-
tional excretion was observed, rising by an average of some
77% after ADH, from 7.8% to 13.8% of filtered load. Absolute
excretion of potassium also increased significantly after ADH,
rising on the average by 65%.
Micropuncture data. The free-flow distal micropuncture
study (series 1) was performed to localize, at the tubular level,
the site of the stimulatory effect of ADH on potassium excre-
tion. Results of these experiments are shown together with
relevant final urinary data in Table 4 and Figures 2 to 4. A total
of 49 distal micropuncture samples was obtained during the two
experimental phases in ten animals. Single nephron GFR
was determined for all tubules sampled and averaged 30,4 1.5
nI/mm (N = 49). There were no differences in SNGFR between
ED or LD sites sampled in control or ADH periods. Data from
tubules with SNGFR below 15 or above 50 nllmin were exclud-
ed from analysis since these were likely to represent incomplete
or retrograde collections, respectively.
The site of the effect of ADH on water reabsorption by the
nephron is evident from the data in Table 4 and Figure 2. (TFIP)
inulin ratio was similar at the ED site during control and ADH
phases. This value increased significantly by the LD site only
during ADH infusion. A further marked increase in water
reabsorption in the collecting duct system during antidiuresis
was evident from the dramatic rise in (TFIP) inulin between the
LD site and the final urine during ADH. These results are
complemented by the data on flow rate of tubular fluid and final
Final urine given in Table 4. Thus, fluid entered the ED site at similar
urine
rates in the two phases of study, but during ADH infusion flow
through the LD segment fell to nearly half the value obtained
during water diuresis. This difference was further amplified
along the collecting ducts.
Figure 3 displays the micropuncture data for fractional deliv-
ery (FD) of sodium and potassium together with relevant final
urinary data for the series 1 animals. Sodium delivery was not
different between the two experimental phases at any site
studied. Fractional delivery of potassium was significantly
greater after ADH at the level of the final urine, as already
noted, but although this effect was also suggested at the level of
the LD tubule, the difference in FDK between control and ADH
periods was not significant at either distal puncture site. Two
important further observations on electrolyte handling at the
level of the distal tubule in these experiments are contained in
ADH
100
10
1.0
P < 0.001
Control
Early
distal
-
Late
distal
Late
distal
Fig. 3. Fractional delivery of Na (FEN) and K (FEK) at the three sites
studied in series 1 experiments.
Table 4. First, data for luminal sodium concentration at each
site in the two phases of study showed a significantly higher
value at the LD site and in the final urine after ADH compared
to that obtained during water diuresis. Second, the (TF/P) ratio
for potassium was significantly increased, by greater than
twofold, at the LD site after ADH compared to control.
It is evident from a survey of these data that multiple factors
bearing on the mechanism of potassium handling by the distal
nephron are altered during conversion of water diuresis to
antidiuresis by ADH. The relevant variables are shown sche-
matically in Figure 4. In particular, attention has already been
drawn to changes in distal tubular flow rate and sodium
concentration induced by ADH; these are known to be impor-
tant modulators of the distal potassium secretory mechanism.
To investigate a possible effect of ADH on this mechanism
more directly, distal tubular microperfusion was used to study a
second group of Brattleboro rats, since this allowed tubular
function to be examined under conditions in which luminal
factors could be controlled.
Microperfusion data. Results from series 2 experiments, in
which single distal tubules were microperfused in vivo during
control and ADH periods, are given in Table 5 and Figure 5.
There was no significant difference between the in vivo perfu-
sion rates, or measured lengths perfused, for distal tubules
studied during the absence and presence of ADH in the
circulation. The use of an isotonic perfusion fluid was intended
to minimize water reabsorption during ADH presence, and
thereby prevent a fall in distal flow rate during ADH. That this
ADH
J 87
Fig. 4. Schematic diagram of distal nephron, showing selected data
from series 1 experiments. Abbreviations and symbols are: ED, early
distal tubule; LD, late distal tubule; CD, collecting duct system, U, final
urine; v, tubular flow rate; V, final urinary flow rate; TFNa, sodium
concentration in tubular fluid samples or final urine; FDK, fractional
delivery of potassium; *, indicates values significantly different during
ADH compared to control conditions.
was achieved is shown by the similarity between values for fluid
collection rate, inulin ratio, and calculated water flux (J) for
tubules perfused in the two experimental phases: Mean J,, was
not significantly different from zero in either period. Mean
tubular sodium reabsorption was similar during control and
ADH period perfusions, as was the fall in luminal sodium
concentration along the tubule. Potassium secretion by individ-
ual tubules, however, was significantly greater during ADH
presence (27.4 6.0 pmoles/min) than during control condi-
tions (14.7 2.8 pmoles/min, P < 0.05). Similarly, the rise in
potassium concentration between the perfusion and collection
points was greater during ADH than control (Table 5).
Discussion
The principal focus of this work has been an examination of
the influence of ADH on the handling of potassium by the distal
tubule. Our main finding was that ADH stimulated potassium
secretion by the distal tubule when flow rate and sodium
delivery were held constant by microperfusion. Before return-
ing to a detailed examination of this finding, several points can
be made concerning the preparation used and the effects of
ADH on renal water and sodium handling.
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Control ADH P
Perfusion rate, nI/mm 10.5 0.3 10.3 0.5 NS
Collection rate, ni/mm 10.3 0.3 10.3 0.4 NS
Length perfused, mm 1.27 0.12 1.31 0.08 NS
Inulin ratiob 1.03 0.01 1.00 0.02 NS
J,, nh/minc +0.27 1.14 +0.03 0.19 NS
Collected [Na], m 70.6 2.6 65.2 4.0 NS
JNa,Pm01t'5/mi12 +135.1 32.7 +166.3 34.9 NS
Collected [K], m 3.5 0.3 4.7 0.6 <0.05
JK,pmoles/minc —14.7 2.8 —27.4 6.0 <0.05
N = 7 animals; one to three distal tubules were perfused in each
experimental period per animal.b Inulin ratio represents (Inulin concentration in collected fluid)!
(Inulin concentration in perfused fluid).
jv, JNa, JK, net transepithelial flux of water, sodium or potassium,
respectively; + indicates reabsorption, — indicates secretion. Fluxes
are expressed per tubule perfused in each case. Perfusion fluid con-
tained Na 82 mri, K 2.0 m in all experiments.
Brattleboro rat model. Many previous studies on the renal
actions of ADH have been complicated by the fact that normal
animals usually have appreciable circulating levels of this
hormone in the resting state; these levels are greatly increased
by experimental maneuvers such as anesthesia and surgery
[15]. Attempts to suppress endogenous hormone levels are not
without their own complications: Neurosurgical procedures
such as hypophysectomy usually entail a simultaneous uncon-
trolled loss of other hormones (of both anterior and posterior
pituitary origin), and forced water diuresis is usually associated
with generalized body fluid volume expansion and features of
water intoxication. To avoid these problems, the experiments
reported here were performed on homozygous Brattleboro rats,
in which the control (untreated) state is almost certainly ADH-
free, resulting in spontaneous water diuresis [12, 13]. The
infusion protocol used during the "control" period of experi-
mental study was designed to provide conditions similar to
those observed in the conscious state and plasma cation con-
centrations and osmolality resembled those previously pub-
lished for unanesthetized homozygotes of this strain [12].
Furthermore, the relative constancy of systemic arterial BP,
plasma sodium concentration, and osmolality and hematocrit
following ADH infusion (Table 2) suggest that induction of
antidiuresis was not associated with significant net water reten-
tion or volume expansion. The dose of ADH used (approxi-
mately 2 mU/hr/100 g body wt), similar to that used by previous
investigators [17, 18], did not cause pressor effects and pro-
duced urinary concentration comparable to that of conscious
animals acutely given replacement doses of hormone [12].
Although plasma ADH concentrations were not measured in
the present study, a recent report suggests that infusion rates
similar to those used here result in steady-state plasma ADH
levels within the physiological range [191.
Effects on water handling. The marked increase in renal
water reabsorption observed after ADH in all experiments is
consistent with the known principal action of the native hor-
mone, namely to increase the water permeability of the epithe-
ha lining distal portions of the nephron. From the free-flow
study (Table 4 and Fig. 2), it is clear that this response could be
localized to the level of the late distal tubule and beyond. This
pattern of ADH receptor distribution is consistent with morpho-
JK
(Secretion)
logical studies in this species [20] and with histobiochemical
mapping of ADH-sensitive nephron segments in the normal rat
[21].
No previously published study has examined changes in
luminal fluid composition along the length of the distal tubule in
Brattleboro rats. However Schnermann et al [17] used this
animal model and obtained data pertaining to loop function, by
comparing tubular fluid samples obtained at late proximal and
early distal puncture sites. Their conclusion, that ADH de-
creased fractional reabsorption of fluid by superficial loops of
Henle, was not confirmed in a subsequent paper by Johnston,
Lacy, and Jamison [18]. The present data are further support of
this latter study, in that (TF/P) inulin ratios and tubular fluid
flow rates were not different at the early distal puncture site
between control and antidiuretic phases.
Effects on sodium handling. No evidence was found in the
present study for a net effect of ADH on renal sodium transport
in the Brattleboro rat. This was true at the level of the final
urine as well as along the distal tubule in free-flow and distal
microperfusion experiments3 (Tables 4 and 5). These data are
consistent with the generally held view that ADH does not
influence external sodium balance, although an extensive body
of literature attests to the natriuretic potential of ADH under a
variety of experimental conditions [9, 10, 23—26]. In at least
some of these reports, pressor effects of ADH or uncontrolled
overhydration may be implicated in this response; as indicated
previously, these were both avoided in the present experi-
31t should be noted that other investigators, using a different animal
model, have reported a small but significant increase in sodium reab-
sorption after ADH in microperfused distal tubules [22].
Table 5. Microperfusion data (series 2) (means SEM)
40 h-
+1
E 0
C
—1
JV
C
E
0
E
0
C ADH
Fig. 5. Transepithelial fluxes of water (J,,) and potassium (.JK) by
microperfused distal tubules (series 2 experiments). Mean values from
one to three tubules perfused in each experimental period in a given
animal are joined by a line.
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ments. Effects of ADH on RBF [23] or intrarenal prostaglandin
synthesis [24] have also been invoked to explain the natriuresis,
although these proposed mechanisms remain controversial. In
contrast to these studies performed in vivo, recent work on
isolated mouse medullary thick ascending limbs has demon-
strated a stimulatory effect of ADH on sodium chloride reab-
sorption [27—29] analogous to that reported earlier for amphibi-
an epithelia [30]. The present experiments, in agreement with
those of Schnermann et al [17], do not suggest that ADH caused
an increase in loop sodium chloride reabsorption in Brattleboro
rats, since early distal fractional sodium delivery was unaltered
after ADH infusion. One explanation for this may be that the
adenylate cyclase mediating the thick ascending limb response
shows an impaired response to vasopressin in these animals
[31]. Nonetheless, a recent free-flow micropuncture study in
these rats [321 suggested that a small increase in loop sodium
transport could be demonstrated after ADH under experimental
conditions designed to minimize the effects of interfering hor-
mones. This change was not reflected in final urinary sodium
excretion. The use of hormone-deprived animals, and other
details of the experimental protocol, may explain the different
findings of that study compared to the present one.
Effects on potassium handling. The findings from the present
study relating to renal potassium transport may be considered
from two points of view: first, the overall effect of ADH on
renal potassium excretion, together with the probable site of
this effect as determined from free-flow micropuncture, and
second, the direct effect of ADH on distal tubular transport
function as studied by tubular microperfusion.
An increase in fractional and absolute potassium excretion
after ADH infusion was one of the most consistent findings in
the present experiments. This is an interesting result, since it
represents a response in the opposite direction from that which
would be predicted to occur following a marked reduction in
urinary flow rate [1—3], such as that observed here during ADH
infusion. Furthermore, the kaliuretic effect was seen even in
those experiments in which final urinary sodium excretion fell,
together with flow rate, after ADH. Data from the free-flow
micropuncture experiments (series 1) may be used to deduce
the site of this effect of ADH on net potassium excretion. Since
fractional delivery of potassium was not significantly different
at either distal tubular puncture site between ADH and control
periods, the increased final urinary potassium excretion after
ADH may represent an effect on potassium secretion beyond
the distal tubule, that is, along the collecting duct system [l].
The mechanism of this effect has not been studied directly in
this work since the collecting ducts are not accessible to a
cortical micropuncture approach. However, one possible expla-
nation for increased collecting duct potassium secretion during
antidiuresis is suggested by the increase in intraluminal sodium
concentrations found during the ADH phase in the present
experiments (Table 4 and Fig. 4). During water diuresis, contin-
ued sodium reabsorption along the distal tubule and collecting
4Heterogeneity with respect to potassium handling between superfi-
cial and deep nephrons cannot be excluded as an alternative hypothesis,
although several aspects of normal nephron heterogeneity have been
found to be absent in homozygous Brattleboro rats [331.
ducts in the absence of appreciable water reabsorption leads to
the development of markedly lowered luminal sodium concen-
trations (24 m at the late distal tubule and 21 m in final urine
samples), whereas during ADH presence these concentrations
are significantly higher (39 and 143 m, respectively) as water
reabsorption proceeds in excess of sodium reabsorption. The
dependence of potassium secretion on luminal sodium concen-
tration in the cortical collecting tubule (CCT) has been studied
recently by Stokes [34]. Although potassium secretion is inde-
pendent of luminal sodium concentration above approximately
30 m, below this level there is a steep proportional reduction
in secretion. Thus, the reason for reduced potassium secretion
in the collection ducts during water diuresis compared to
antidiuresis may be that in the absence of ADH the low luminal
sodium concentrations achieved may be limiting for the potassi-
um secretory mechanism. Moreover, the high luminal flow
rates achieved in the collecting ducts under these conditions are
ineffective in increasing potassium secretion since it has been
shown, at least for the CCT, that potassium secretion is
independent of flow rate in this nephron segment [34]. Consist-
ent with the indirect mechanism proposed here is the observa-
tion that no direct effect of ADH on potassium secretory fluxes
by the isolated CCT can be demonstrated in vitro [35, 36].
Numerous previous authors have reported increased potassi-
um excretion after ADH administration, and in several cases
this has been noted in the absence of associated natriuresis [8-.
11], as in the present study. The significance of this finding for
the maintenance of potassium balance under normal circum-
stances (that is, during minor fluctuations in ADH levels in the
hour-to-hour regulation of body water homeostasis) is uncer-
tain. However, it may become important under conditions of
pathologically elevated ADH levels, such as those encountered
in the syndrome of inappropriate ADH secretion, in which
potassium wasting and hypokalemia are occasionally found [37,
38]. On the other hand, a reduction in potassium excretion
during antidiuresis is an uncommon finding in reported studies.
The recent report by de Rouffignac, Corman, and Roinel [32],
using Brattleboro rats, found a variable effect of ADH to reduce
potassium excretion, depending on the degree of reduction in
water excretion rates. However, that study using animals that
were thyroparathyroidectomized and glucose-infused, em-
ployed the potent ADH analogue dDVAP rather than the native
hormone arginine vasopressin. These methodological differ-
ences may account for the apparent discrepancies between that
report and the current study. One earlier observation bearing on
this question is that of Mohring et al [39, 40] who reported that
ADH induced potassium retention in Brattleboro rats, appar-
ently in proportion to the degree of antidiuresis achieved.
However, it has subsequently been demonstrated that such
potassium repletion occurs spontaneously in these animals
when isolated with an adequate water supply for several days,
and that their reported state of potassium depletion may relate
to a degree of chronic mild dehydration [41].
Returning to a consideration of ADH effects on the distal
tubule itself in the present study, it is clear from Figure 3 that
during free-flow conditions no significant alteration in fractional
potassium delivery to the early or late distal tubule was seen
during ADH infusion, although a small fall in delivery along the
length of the distal tubule during water diuresis was converted
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to a small rise during ADH.5 Interpretation of this result in
terms of a possible hormonal influence on the potassium
transport mechanism is difficult however, since, as is clear from
Figure 4, ADH presence was associated with changes in luminal
conditions which themselves bear importantly on potassium
secretion. In particular, the almost 50% fall in flow rate which
was seen by the late distal puncture site during antidiuresis may
have been expected to reduce potassium secretion by the distal
tubule in view of the known sensitivity of this process to
alterations in luminal flow-rate [3]. On the other hand, the
higher luminal sodium concentration at the late distal site during
ADH (39 m vs. 24 mM) may have facilitated potassium
secretion, which has been shown to drop sharply in tubules
perfused at a constant rate with fluids having sodium concentra-
tions under 35 m [42], probably due to the reduced transepi-
thelial potential difference measured under these conditions.
The possibility that ADH per se may influence the potassium
secretory mechanism was suggested, however, by the observa-
tion that the tubular fluid-to-plasma concentration gradient for
potassium doubled at the LD site during antidiuresis (Table 4).
Because of the rapid diffusional equilibration implied by flow-
dependence of potassium secretion in the distal tubule [1, 2, 43],
this finding was suggestive of an increased potassium secretory
capacity of the distal tubule during ADH presence.
To examine this possibility directly, it was necessary to study
distal tubular function under conditions in which luminal flow
rate could be held constant along the tubular length during ADH
presence, so as to equal the flow rate in its absence. This was
achieved by microperfusing individual distal tubules with a fluid
made isotonic with a nonreabsorbed solute (urea [15]) during
the two experimental periods. The sodium concentration in the
perfusion fluid was made sufficiently high (82 mM) so that
luminal sodium concentrations would not fall to levels which
might be limiting for potassium secretion (see above). The
results from these experiments (Table 5 and Fig. 5) confirm that
at constant flow rate and sodium delivery, the distal tubule is in
fact capable of increasing the (TF/P) gradient for potassium
after addition of ADH to the plasma, resulting under these
circumstances in an approximate doubling of net potassium
secretory flux.
Although the precise cellular mechanism of this stimulatory
effect of ADH on potassium secretion has not been studied in
these experiments, certain inferences can be drawn. No definite
changes in any of the luminal or systemic factors known to
influence distal potassium secretion [1] occurred between the
two phases during which tubular microperfusions were per-
formed. It must therefore be supposed that some component of
the cellular potassium secretory apparatus was influenced di-
rectly (or via a secondary intracellular signal) by the ADH
presence at the basolateral cell surface. Of the two chief
components of this secretory apparatus, active basolateral
uptake and passive diffusion into the lumen across the apical
51t is worth noting here that the extent of potassium secretion
occurring along the entire distal tubule and collecting duct system is
relatively small in the present studies, even during antidiuresis. This is
probably explained on the basis of the relative potassium depletion said
to be present in these animals (see above), compounded by the absence
of potassium from the intravenous infusion solutions used.
Constant
K balance
Fig. 6. Maintenance of potassium homeostasis during varying states of
hydration. As discussed in the text, a possible additional factor influ-
encing distal potassium secretion is the change in luminal sodium
concentration which occurs under these conditions. This has been
omitted here for clarity.
cell membrane, the latter process is the more likely site of
hormone effect because the apical membrane is well-docu-
mented as the ultimate site of ADH action to increase epithelial
water [44] and urea [30] permeability (and proton conductance
[45]), as well as to stimulate transepithelial sodium movement in
certain target tissues by increasing apical sodium conductance
[46]. Furthermore, Hebert, Friedman, and Andreoli [47] recent-
ly presented evidence to suggest that the ADH-induced stimula-
tion of sodium chloride cotransport by the mouse medullary
thick ascending limb involves an increase in apical membrane
potassium conductance [47]. That cyclic AMP may be involved
in mediating these effects is suggested both by these investiga-
tors [47] and by studies in the colon, in which it has been shown
that cyclic AMP stimulates active potassium secretion [48], and
that apical membrane potassium conductance is increased by
cyclic AMP [49]. Notwithstanding all of these considerations,
the possibility that ADH may stimulate potassium secretion by
altering the electrochemical gradient for potassium across the
apical cell membrane, by decreasing a potassium uptake step at
this membrane, or by direct or indirect activation of the
basolateral sodium-potassium pump, cannot be excluded. More
direct experimental approaches are needed to determine the
precise cellular mechanism involved, in particular whether the
apical membrane is the sole or principal site of hormone effect
with regard to modulation of potassium transport.6
Our demonstration of stimulation of distal potassium secre-
6ft should be noted that the apical potassium conductance of the late
distal tubular epithelium has generally been thought to be high, thus
providing a mechanism for flow-dependence of distal potassium secre-
tion [1]. We would propose, however, that this may not apply in the
absence of ADH, when potassium conductance of the lurninal mem-
brane may be presumed to be less than under the conditions of previous
experiments, that is, where some endogenous ADH was present in the
circulation.
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tion by ADH may have physiological significance for the
maintenance of potassium homeostasis during different states of
water balance (Fig. 6). For example, this property of ADH may
act to oppose a tendency toward potassium retention during
periods of antidiuresis when a flow-rate dependent fall in distal
tubular potassium secretion might otherwise occur. As men-
tioned previously, an additional factor tending to maintain distal
potassium secretion under these conditions may be the rise in
distal tubular sodium concentration which occurs (this is not
shown on Fig. 6 in the interest of clarity). Conversely, during
periods of full hydration and water diuresis, excess potassium
loss consequent on high distal flow rates would be limited by a
reduced activity of the distal potassium secretory mechanism,
secondary to suppressed endogenous ADH levels. Under these
conditions, the development of critically low luminal fluid
sodium concentrations in the distal tubule may also contribute
to inhibition of potassium secretion. The present findings may
thus explain the past observation [4—6] that water diuresis is
relatively ineffective in increasing renal potassium excretion.
In conclusion, we have used a combination of clearance, free-
flow micropuncture, and distal tubular microperfusion tech-
niques to study renal potassium handling in homozygous Bratt-
leboro rats, before and after ADH infusion. The principal
findings are (1) that potassium excretion is significantly in-
creased after ADH, (2) that this effect is brought about at sites
beyond the late distal tubule under free-flow conditions, and (3)
that when microperfusion is used to maintain a constant luminal
flow rate, net potassium secretion by the distal tubule is
stimulated by ADH.
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